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Abstract Applying the tree bisection and reconnection (TBR)
algorithm, we have developed a heuristic method (maximum
likelihood (ML)-TBR) for inferring the ML tree based on tree
topology search. For initial trees from which iterative processes
start in ML-TBR, two cases were considered: one is 100
neighbor-joining (NJ) trees based on the bootstrap resampling
and the other is 100 randomly generated trees. The same ML
tree was obtained in both cases. All different iterative processes
started from 100 independent initial trees ultimately converged
on one optimum tree with the largest log-likelihood value,
suggesting that a limited number of initial trees will be quite
enough in ML-TBR. This also suggests that the optimum tree
corresponds to the global optimum in tree topology space and
thus probably coincides with the ML tree inferred by intact ML
analysis. This method has been applied to the inference of
phylogenetic tree of the SOX family members. The mammalian
testis-determining gene SRY is believed to have evolved from
SOX-3, a member of the SOX family, based on several lines of
evidence, including their sequence similarity, the location of
SOX-3 on the X chromosome and some aspects of their
expression. This model should be supported directly from the
phylogenetic tree of the SOX family, but no evidence has been
provided to date. A recently published NJ tree shows implausibly
remote origin of SRY, suggesting that a more sophisticated
method is required for understanding this problem. The ML tree
inferred by the present method showed that the SRYs of
marsupial and placental mammals form a monophyletic cluster
which had diverged from the mammalian SOX-3 in the early
evolution of mammals.
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1. Introduction
The maximum likelihood (ML) method [1,2] for inferring
the molecular phylogenetic tree is thought to be the most
accurate method based on a solid statistical basis. The appli-
cation of the ML method to actual problems, however, is
limited to a small number of operational taxonomic units
(OTUs). For more than nine OTUs or so, the problem is
unable to solve, given a high speed computer. In order to
overcome the inherent di⁄culty in the intact ML method,
heuristic searches for ¢nding the best tree topology would
be a realistic strategy capable of handling actual problems
with a large number of OTUs in practical time scales. Several
heuristic approaches have already been proposed [3^8]. Com-
bining two topology search algorithms, the nearest-neighbor
interchange (NNI) method [6,9] and the subtree pruning and
regrafting method [9], we recently described a heuristic ap-
proach of ML method which was applied to the reconstruc-
tion of gene family tree [8]. The heuristic approach is further
extended in this paper by applying a more sophisticated top-
ology search algorithm, the tree bisection and reconnection
(TBR) method [9], and the new method is applied to the
inference of the phylogenetic tree of the SOX family as an
example, by which information on the evolutionary origin of
the testis-determining gene SRY is provided.
The SRY encodes a transcription factor containing an V80
amino acid DNA-binding domain known as the HMG box
[10^12] and is a member of the SOX family comprising a large
number of members containing the HMG box in common
[13^15]. The SRY is expressed for a brief period in the indif-
ferent gonad and initiates male development in mammals
[16,17]. The SRY homologs have been identi¢ed on the Y
chromosomes of all eutherian and marsupial mammals exam-
ined [10,18]. From the observations that SOX-3, a member of
the SOX family, is most similar in sequence to SRY and is
located on the X chromosome in both eutherians and marsu-
pials, together with some aspects of their expressions, it has
been proposed that SRY was derived from SOX-3 during the
divergence of the Y chromosome from the ancestral X chro-
mosome in the early evolution of mammals [18^20]. This is
consistent with evidence that no SRY homolog has yet been
identi¢ed in other classes of vertebrates to date (DDBJ release
37 and PIR database release 60). There is, however, still a
possibility that SRY was originated from another member
of the SOX family by gene duplication, followed by trans-
location or retroposition [20]. Indeed, a recently reported phy-
logenetic tree of the SOX family shows a remote divergence of
SRY from the ancestral lineage of SOX-2/-3 subfamilies, the
divergence time being very old, going back to date before the
separation of vertebrates and arthropods [21]. There is, how-
ever, a possibility of an artifact derived from the procedure of
tree inference by the neighbor-joining (NJ) method [22], be-
cause the evolutionary rate of SRY is remarkably high, as
compared with other SOX family members [23^25], and the
NJ method tends to infer the older divergence of rapidly
evolving lineages than they really are. To understand the evo-
lutionary origin of SRY, it is therefore important to re-exam-
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ine the phylogenetic tree of the SOX family by sophisticated
methods.
The heuristic approach of ML analysis working on a PC
cluster developed here has been applied to the inference of the
phylogenetic tree of the SOX family. We report here that the
inferred ML tree shows the mammalian SOX-3 origin of SRY.
2. Materials and methods
2.1. Sequence data source
Sequence data used in the present analysis were taken from DDBJ
release 37 and PIR database release 60. Only data containing the
complete HMG box sequences were included in the analysis. For
SRY genes, extremely rapidly evolving sequences were excluded, ex-
cept for human SRY.
2.2. Sequence alignment
Multiple alignment of the amino acid sequences of the SOX family
members was carried out by a method developed recently by us (Ka-
toh et al., manuscript in preparation). This method is basically an
extended version of the progressive approach of Feng and Doolittle
[26]. By improving the calculation procedure of dynamic program-
ming [27], the speed of computation has been greatly improved with-
out sacri¢cing accuracy and e⁄ciency. The computation time required
by the new method is only about one-tenth of that by the standard
method (for example, CLUSTAL W [28], a widely distributed multi-
ple alignment program).
2.3. Phylogenetic tree inference
Using an elaborate tree topology rearrangement algorithm, called
the TBR [9], a heuristic approach has been applied for inferring the
ML tree of protein phylogeny [2]. This heuristic ML method consists
of performing rearrangements of tree topology for a limited number
(Nl) of initial trees by the TBR algorithm. The calculation procedure
is as follows:
1. On the basis of the bootstrap resampling procedure [29], Nl di¡er-
ent initial trees (including that inferred from actual alignment) are
generated by the NJ method [22] using the distance matrix esti-
mated by the ML method [6] (Nl = 100 for the present case). Ran-
dom tree topologies generated by connecting branches randomly
were also examined as initial trees.
2. For a given initial tree, performing all possible topology rearrange-
ments of the initial tree under TBR, a set of rearranged trees is
generated.
3. For these rearranged trees generated from an initial tree, their
approximate log-likelihoods are calculated by the method of Ada-
chi and Hasegawa [6], using the JTT model (ProtML version 2.3 in
Adachi and Hasegawa’s program package MOLPHY), and the top
40% trees are selected by log-likelihood criterion.
4. For the set of trees selected in step 3, the intact ML analysis is
performed and only one tree with the largest log-likelihood value
among the rearranged trees is selected.
5. The steps 2^4 are repeated until no improvement on the log-like-
lihood is found. By the above iterative procedure, we ¢nally obtain
an optimum tree for a given initial tree. There is a possibility that
this optimum tree corresponds to a local optimum in tree topology
space.
6. Repeating the steps 2^5 for all di¡erent initial trees, we ¢nally
obtain the set of Nl independent optimum trees.
7. The best optimum tree is selected from the Nl independent opti-
mum trees in log-likelihood criterion. It might be expected that the
best optimum tree corresponds to the global optimum in tree top-
ology space. Thus the best optimum tree is likely to be the ML
tree.
In the case of the small number of OTUs, as in the present case,
step 3 is skipped and all the trees generated in step 2 are subjected to
the intact ML analysis. The above computational procedure was per-
formed on a PC cluster composed of 32 Pentium III 500 MHz pro-
cessors. Hereafter, we will designate the heuristic ML analyses based
on TBR as ML-TBR. We will also distinguish the ML-TBR as ML-
TBRb or ML-TBRr, depending on the di¡erence (bootstrap trees or
random trees) of the initial trees used.
The phylogenetic tree was also inferred by ProtML program devel-
oped by Adachi and Hasegawa [6], a heuristic ML method based on a
simple tree topology rearrangement strategy, in which only NNI of
branches are considered. The ProtML was also applied to the present
problem and compared with our ML-TBR.
3. Results and discussion
3.1. Phylogenetic tree of the SOX family members
A variety of members belonging to the SOX family have
already been identi¢ed from a diverse group of vertebrates
and they are classi¢ed into several subfamilies which diverged
by gene duplications in the early evolution of animals, possi-
bly before the separation of vertebrates and arthropods [21].
In contrast, no SRY gene has been isolated from vertebrates
other than mammals to date (DDBJ release 37 and PIR data-
base release 60). The SOX family members share a highly
conserved HMG box of V80 amino acids in common, but
no appreciable sequence similarity is observed in regions out-
side the HMG box, except for closely related species. To
understand the evolutionary origin of the SRY gene, it is
important to compare sequences that are closely related to
mammalian SRYs. According to the NJ tree of the SOX fam-
ily members [21], mammalian SRYs are closely related to
SOX-2 and SOX-3, and the SOX-9 and SOX-11 are distantly
related to SRY/SOX-2/-3 subfamilies. Thus, we compared
these sequences, together with closely related sequences which
are not included in the NJ tree by Soullier et al. [21]. Slowly
evolving SRY sequences were used for tree inference, except
for human sequence.
Alignment of the amino acid sequences was carried out for
a region of the HMG box corresponding to amino acid sites
59^134 in human SRY sequence (comprising 75 amino acid
sites in total, excluding gap positions) by the method de-
scribed in Section 2. On the basis of the alignment, the phy-
logenetic tree of the SRY/SOX-2/-3 subfamilies was inferred
by a heuristic ML method, ML-TBR, described in Section 2,
together with the ProtML [6], using human SOX-9 and SOX-
11 as an outgroup.
Fig. 1 shows the phylogenetic tree of the SRY/SOX-2/-3
subfamilies inferred from the ML-TBR, using 100 di¡erent
NJ trees generated by bootstrap resamplings as initial trees
(Nl = 100). The ML tree shows close association of marsupial
and placental SRYs to form a monophyletic group. The NJ
tree inferred from the same data set also shows monophyly of
the mammalian SRYs (data not shown), although the boot-
strap probability of monophyly is very low (25%). The NJ tree
by Soullier et al. [21] shows separate origins of the marsupial
and placental SRYs. An interesting result on the evolutionary
origin of SRY was obtained from Fig. 1. The tree demon-
strates that the common ancestor of the mammalian SRYs
originated from the mammalian SOX-3 lineage. The same
tree topology was also obtained when randomly generated
trees were used as initial trees. Furthermore, the ProtML
also predicted the same tree in both cases of initial trees (boot-
strap trees and random trees). This result is consistent with
the model that SRY was derived from SOX-3 [18^20]. This is
also consistent with evidence that no SRY homolog has yet
been identi¢ed in other classes of vertebrates. In addition, as
Fig. 1 shows, the branch lengths of SRYs are extremely long,
as compared with those of other members, implying the rapid
accumulation of amino acid substitutions in SRY lineages
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[23^25]. Recently, O’Neill et al. [30] identi¢ed an intron in
SRY gene from marsupial groups and proposed intron inser-
tion model, assuming that SRY was derived from SOX-3 in
the early evolution of mammals before the divergence of mar-
supial and placental mammals. The present result supports
their argument.
The NJ tree inferred from the same data set shows the
remote divergence of mammalian SRYs. The ancestral branch
‘a’ of mammalian SRYs diverges from the ancestral branch ‘b’
of SOX-1, -2, -3, -14, -19, -21 and Drosophila SOX. A similar
result is also found in the NJ tree by Soullier et al. [21]. The
family tree was also examined by the maximum parsimony
(MP) method [31], using the same data set. We obtained
many MP trees, each of which requires a total of 163 amino
acid substitutions. All these MP trees with the smallest num-
ber of substitutions show separate origins of marsupial and
placental SRYs and also the remote divergence of placental
SRY, which antedates the protostome-deuterostome split. An
extremely rapid rate of SRY evolution might be responsible
for this. Generally, there is a tendency in the NJ tree (and also
in the MP tree) to prefer deep branching of rapidly evolving
lineages. When the branch ‘a’ in Fig. 1 is connected with the
branch ‘b’, the log-likelihood value decreases by 4.9 þ 9.5,
relative to that of the ML tree of Fig. 1. Because the HMG
box is short in amino acid length and is highly conserved, it is
not possible to evaluate statistically the reliability of inferred
tree at the signi¢cance level of 1 S.E.M.; the local bootstrap
probability [6] that the mammalian SOX-3 and SRY are clus-
tered is not high enough (70%). Rather, the reliability should
be examined by other lines of evidence supporting the tree.
Many genes homologous to human Y-linked genes are iden-
ti¢ed on the X chromosome [32,33], supporting the hypothesis
that the mammalian Y chromosome originated from the X
chromosome [34^36]. Because SOX-3 and SRY are located
on the X and Y chromosomes in marsupial and placental
mammals, respectively [18,20,32,33], the phylogenetic position
of SRY in Fig. 1 is consistent with this hypothesis. In addi-
tion, from a comparison of the expression pattern of SOX-
related genes, SOX-1, SOX-2, SOX-3 and SRY, Collignon et
al. [20] suggested that SOX-3 is the closest relative of SRY.
Thus, the present ML tree, together with evidence from chro-
mosomal location and expression pattern, supports the mam-
malian SOX-3 origin of SRY.
Fig. 1. ML tree of SOX family members. From a comparison of the HMG box sequences, the tree was inferred by the heuristic ML method
ML-TBR described in Section 2, using human SOX-9 and SOX-11 sequences as an outgroup. One hundred initial trees were generated by ap-
plying the bootstrap resamplings and the NJ method. Accession numbers of sequences are shown in parentheses.
Fig. 2. Distribution of the log-likelihoods of the optimum trees in-
ferred by heuristic ML methods. (a) ML-TBR, (b) ProtML, (c) the
log-likelihoods of initial trees. One hundred initial trees were gener-
ated by applying the bootstrap resamplings and the NJ method,
and for each initial tree, an optimum tree was obtained by the itera-
tive procedures described in Section 2. Note that, in (a), all the 100
optimum trees converged to the best optimum tree with the largest
log-likelihood value shown in Fig. 1.
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3.2. Comparison of heuristic ML methods
As mentioned above, the identical ML tree of SOX family
was inferred by ML-TBR and ProtML. Dependence of the
initial tree used, however, di¡ers greatly between the two
methods. Fig. 2 shows distribution of the log-likelihood value
of the optimum trees obtained from the steps 2^5 in Section 2
for each of 100 initial trees. In the ProtML, the log-likeli-
hoods di¡er greatly for di¡erent initial trees used. Only one
optimum tree coincided with the best optimum tree shown in
Fig. 1, and in the remaining 99 optimum trees, their log-like-
lihood values were always lower than that of the best opti-
mum tree. This might imply that there are many local opti-
mum points in tree topology space and transition from one
local optimum to another is impossible by NNI which is pos-
sible to generate only a small variation in tree topology. Note
that, in the present case, the optimum tree obtained by using
the NJ tree of actual alignment as an initial tree does not
correspond to the best optimum tree of Fig. 1. These results
suggest that many di¡erent initial trees are required to obtain
the best tree with the largest log-likelihood value by ProtML.
Interestingly, in ML-TBR, all the optimum trees coincided
with the best optimum tree. This may be due to the reason
that transition from one local optimum to another with a
larger log-likelihood value was facilitated by TBR that could
generate a drastically distinct tree topology by a single oper-
ation. That is, ML-TBR allows one to search e⁄ciently the
ML tree from a limited number of initial trees. Furthermore,
the result that all the optimum trees, particularly those ob-
tained by using the random trees as the initial trees, converged
on the best optimum tree strongly suggests that the obtained
best optimum tree corresponds to the global optimum in tree
topology space, and thus, it is highly likely that the best opti-
mum tree coincides with the ML tree obtained by intact ML
analysis.
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